The J protein of 4X174 is a small, highly basic protein and is a component of the phage capsid. We have investigated the role of J protein during single-stranded viral DNA synthesis and phage morphogenesis by using an in vitro system composed of purified viral and host components (Aoyama et al., Proc. Natl. Acad. Sci. U.S. A. 80:4195-4199, 1983). The characterization of the products made in the presence and absence of J protein shows that J protein is not required for viral DNA synthesis, but is required for the packaging of DNA into infectious phage. The ability of J protein to bind to double-stranded DNA as well as single-stranded DNA and other interactions with DNA suggest a model in which J protein binds to double-stranded, replicative form DNA and enters the phage prohead by remaining bound to viral DNA as it is encapsidated.
Bacteriophage (X174 contains circular, single-stranded (ss) DNA packaged in an icosahedral capsid. XX174 undergoes three stages of DNA synthesis during infection (for review, see reference 6). Stage I is the conversion of the viral DNA to the double-stranded, replicative form (RF) DNA. Stage II is the synthesis of progeny RF DNA, and stage III is the production of viral DNA. The 5,386-base genome has been sequenced and codes for at least 11 gene products (22, 23) . The J gene has been identified by matching the amino acid sequence of a small capsid-associated protein with the corresponding nucleotide sequence (10) . The J gene product, J protein, is highly basic and has been postulated to act as a DNA-condensing protein (10) . However, the previous lack of mutants in the J gene has hampered the analysis of its function in vivo. In this paper we focus on the in vitro characterization of J protein function.
The requirement for J protein during 4~X174 morphogenesis was first demonstrated in an in vitro stage III system composed of purified viral components, RF I DNA, A, C, and J proteins, prohead (a viral capsid precursor composed of F, G, H, B, and D proteins), and a host protein fraction (2) . When J protein was omitted, DNA was synthesized, but no DNA was packaged into particles and no infectious phage were made. Due to the presence of the enzymes involved in stage I DNA synthesis in the host protein fraction, it was not entirely clear whether the DNA synthesized in the absence of J protein represented stage II or stage III DNA synthesis. DNA polymerase III (pol III) holoenzyme, rep protein, and dUTPase could replace the host protein fraction for in vitro stage III DNA synthesis (3) . The elimination of the stage I enzymes effectively prevented stage II DNA synthesis from occurring in this system. When J protein was omitted from the complete system, viral DNA was still synthesized, suggesting that J protein was not required for the synthesis of viral strand DNA. This seems to contradict the requirement for the coupling of DNA synthesis and phage morphogenesis inferred from in vivo observations that 4)X174 is unable to synthesize viral DNA when phage assembly is blocked (for review, see reference 15). This apparent anomaly provides an opportunity to probe the function of J * Corresponding author. MATERIALS AND METHODS Enzymes and reagents. Phage and host components for the in vitro stage III system were prepared as described previously (3). Escherichia coli ss DNA-binding (SSB) protein was purified as described previously (28) . 4iX174 J protein was labeled in vitro by the method of Arai et al. (4) . The large fragment of pol I was from Bethesda Research Laboratories, Inc., Rockville, Md.
DNA-binding assays. The reaction mixture (50 ,ul) contained 50 mM Tris-hydrochloride (pH 7.3), 1 mM EDTA, 50 mM NaCl, 100 ,ug of bovine serum albumin per ml, and 0.64 p,g of kX174 viral or RF DNA. 3H-labeled J protein was added, and the mixture was incubated at 23°C for 30 min. The mixture was layered onto a 5 to 20% sucrose gradient (containing 50 mM Tris-hydrochloride [pH 7.3], 1 mM EDTA, and 50 mM NaCl) and centrifuged at 4°C in an SW50.1 rotor for 90 min at 49,000 rpm. Fractions were dripped into scintillation vials and counted in Triton X-100 scintillation fluid (21) . Radioactivities sedimenting at the position of 4X174 DNA were scored as bound J protein.
In vitro stage III DNA synthesis reactions. The complete reaction mixture (12.5 p.l) contained 50 mM Tris-hydrochloride (pH 7.5), 0.1 mM each dATP, dCTP, dGTP, and 3HTTP (410 to 1,670 cpm/pmol of total deoxyribonucleotides), 0.8 mM ATP, 20 mM MgCl2, 10 mM 2-mercaptoethanol, 100 ,ug of bovine plasma albumin per ml, 0.05 pmol of (X174 RF I DNA, 50 ng of 4X174 A protein, 200 ng of 4X174 C protein, 100 ng of XX174 J protein, 10 ,ug of XX174 prohead, 4 U of dUTPase (26), 3 ng of rep protein, and 60 ng of pol III holoenzyme. Incubation was at 30°C for 30 min. Incorporation in trichloroacetic acid-insoluble radioactivity and infectivity of the products were determined as described previously (2) .
DNA polymerase activity on primed M13 DNA. Annealing of primer (3 ng of a 15-mer) and template (0.6 ,ug of M13mp8) was performed as for a sequencing reaction (18 Fig. 1 were pooled, deproteinized by phenol, and analyzed by neutral sucrose gradient centrigutation as described previously (20) . The Fig. 2A) for a 50-upt reaction sedimented as genome-length circular and linear DNA ( product made in the absence of J protein (Fig. 1A , fractions 6 through 10) is shown in Fig. 3C . The fast-sedimenting nature of this ss DNA suggests that it had been associated with the phage capsid.
J protein inhibition of stage II(+) DNA synthesis. During the analysis of in vitro DNA synthesis, it was noticed that J protein inhibited the stage II(+) reaction of Eisenberg et al. (8, 9) . The stage II(+) system is composed of (X174 RF I DNA, A protein, E. coli rep protein, pol III holoenzyme, and SSB protein. The product of the stage II(+) reaction is 4X174 viral DNA covered with SSB protein. Figure 4 shows the results of adding J protein to the stage III and stage II(+) system. J protein has little effect on total DNA synthesis in the stage III system, but is required for DNase-resistant DNA synthesis, which represents infectious phage particles (2) (Fig. 4A) . The amount of DNase-resistant DNA synthesis is stimulated by J protein and reaches a plateau when 50 ng of J protein is added to the standard reaction mixture. In contrast to this, DNA synthesis in the stage II(+) system is strongly inhibited by the addition of J protein (Fig. 4B) .
The synthesis when the SSB protein is present (24) . The effect of J protein on these reactions is presented in Table 2 . J protein has little, if any, effect on the rate of ATP hydrolysis during the SSB-mediated strand separation (lines 1 and 2) reaction or during stage II(+) DNA synthesis (lines 3 and 4).
The ability of the SSB-mediated strand separation reaction to proceed in the presence of J protein, as measured by rep ATPase activity, raised the possibility that J protein inhibits stage II(+) DNA synthesis by preventing polymerase movement rather than by preventing separation of the DNA strands. This was tested by determining whether elongation on a primed ss DNA template by pol III holoenzyme was affected by J protein (Table 3 ). The pol III holoenzyme is able to utilize the primed ss DNA template, and this utilization is stimulated by the presence of SSB protein (Table 3) , in agreement with the results of Weiner et al. (28) . J protein, however, inhibits the ability of pol III holoenzyme to elon- gate the primer ( Table 3) . The large fragment of pol I (Klenow fragment), which is frequently used in conjunction with this template for DNA sequencing by the dideoxy method (18) , is able to synthesize DNA on this template (Table 3 ). This DNA synthesis is also inhibited by J protein (Table 3) . SSB protein has little or no effect on the utilization of the primed ss DNA template by the large fragment of pol I (Table 3 ) (28). The binding of J protein to ss DNA, unlike the binding of SSB protein to ss DNA, results in a complex that prevents polymerase movement or template accessibility. DNA binding of J protein. Radioactively labeled J protein was used to measure the ability of J protein to bind to DNA. Purified J protein was labeled in vitro by reductive methylation with NaB[3H4 to 1.6 x 106 cpm/,ug of protein. The labeled J protein was still active in the in vitro stage III system, although the extent of phage synthesis was reduced by a third (data not shown). Figure 6 shows the results of mixing together J protein and DNA and sedimenting the complex in a sucrose gradient. In the absence of added DNA, J protein remains at the top of the gradient (Fig. 6D) . When either XX174 viral DNA or XX174 RF II DNA is added, the J protein binds to the DNA and sediments at the position of the added DNA (Fig. 6A and B) . When equiva- lent molar amounts of ss DNA and double-stranded DNA are added to J protein, J protein binds to both ss DNA and double-stranded DNA (Fig. 6C) . DISCUSSION Fig. 1 and 2 ). (iii) DNA synthesis in both cases results in the production of ss DNA. In the presence of J protein, the ss DNA is contained within the capsid and sediments at 114S in the sucrose gradient (Fig. 1B) . In the absence of J protein, the ss DNA is found throughout the gradient ( Fig. 3B and C) .
These observations suggest that the mechanisms of DNA synthesis in the presence or absence of J protein are similar. A model for stage III DNA synthesis has been proposed based upon in vivo and in vitro results (3, 11-13, 19, 20) . A key feature of the model is that the prohead associates with RF II-A protein complex to form the 50S complex. The pol III holoenzyme and rep protein are presumably part of the 50S complex, since DNA synthesis occurs in this complex. Replication occurs by a rolling circle mechanism with the coupling of DNA synthesis and the packaging of the displaced viral strand into the prohead. The prohead is required for the DNA synthesis that occurs in the absence of J protein and must therefore have some function. That its function is the same in the presence or absence of J protein (packaging of displaced viral strand DNA) is supported by the presence of fast-sedimenting ss DNA made by the stage III reaction without J protein (Fig. 3C ). This ss DNA (circular and genome-length linear DNA) was found at the position of the phage, suggesting that it was associated with a capsid. The low abundance and lack of a peak of DNA at this position indicate that the structure containing ss DNA without J protein is unstable. Therefore packaging of ss DNA in the absence of J protein may be occurring in the sense that the DNA can be made to enter the capsid. Circular and genomelength linear ss DNA was also found sedimenting between the 50S and phage peak (data not shown). These ss DNAs may also be associated with capsid protein. The prohead is the protein precursor to the phage capsid (13) and does not contain J protein (12, 19) , whereas phage particles contain 60 copies of J protein (5). J protein must therefore enter the phage capsid either during or after the packaging of viral DNA. Some of the reactions with J protein described above suggest a model for the entry of J protein into the capsid.
The ability of J protein to bind to double-stranded DNA (Fig. 6B) 
